Abstract Aims/hypothesis: The neogenesis of islets from cultured human adult pancreatic tissue has been reported. The islet progenitors have been thought to be ductal cells. Since previous experiments have been 'contaminated' by a number of pre-existing islet cells, we examined their involvement in islet cell neogenesis. Methods: Fresh human pancreatic cells with different purities of islet cells were grown in monolayer culture and labelled with bromodeoxyuridine. Transitional cells were analysed by double immunofluorescence staining. For purified ductal cell culture, pre-existing islets were eliminated on a magnetic cell separation system. Results: We confirmed that less than 1% of the endocrine cells proliferated, mainly during the first 48 h of culture. However, a 10-fold larger proportion of the cells acquired a transitional phenotype by starting to coexpress the ductal marker cytokeratin 19 (CK19). These cells represented more than 10% of all endocrine cells after 1 day in culture, and 6% at 5 days of culture. Using magnetic cell sorting, we eliminated cells expressing neural cell adhesion molecule (N-CAM), after which we obtained 99.7% pure non-endocrine CK19-rich cell populations. These cell populations could be expanded in vitro. However, their endocrine differentiation capacity was severely reduced as compared with the original mixed cell cultures. Conclusions/interpretation: These results suggest that islet neogenesis in this culture system at least partly represents the de-differentiation of islet cells into a ductcell-like phenotype, with further re-differentiation in appropriate conditions. The plasticity of differentiated human pancreatic cell types may thus be an important mechanism of human pancreas regeneration.
Introduction
Islet-cell transplantation in diabetic patients would greatly benefit from methods that increase the numbers of transplanted beta cells either in vitro prior to engraftment or through increased beta cell replication or neogenesis within the graft. New beta cells might be generated in two ways: by replication of differentiated islet cells; and by differentiation from stem/progenitor cells. Based on studies in mice, it has recently been proposed that replication of pre-existing beta cells is the predominant mechanism operating in adult animals [1] . However, the replication of human beta cells is extremely low, both during fetal development [2] and in adult islets [3] . Several studies suggest that neogenesis of islets could occur in the adult pancreas. However, the exact nature and identity of isletcell precursors remains a puzzle. Experimental models in rodents have shown that beta cells can regenerate after tissue injury, apparently through the differentiation of precursor cells located within pancreatic ducts [4, 5] . Morphological observations also suggest the appearance of neogenic islet cells with ductal origin in the human pancreas [6] . There is direct evidence of islet cell differentiation from experimentally transplanted human ductal cells taken from young donors [7] . Furthermore, a recent analysis of the cellular composition of clinical islet grafts shows that longterm graft function correlates with the number of transplanted ductal cells [8] . In addition to this evidence of duct cells as the islet precursors, a number of studies suggest that a more primitive stem cell could reside within the pancreas or islets [9, 10] .
We and others have shown the in vitro generation of endocrine cells from adult pancreatic ductal cell culture [11] [12] [13] . One problem of experiments performed with human pancreatic cells is the presence of pre-existing islet cells at the onset of culture. It has been proposed that bilateral transdifferentiation between human pancreatic exocrine and endocrine cells could occur in long-term culture [14] . Several other studies also demonstrate that differentiated islet cells retain the plasticity to de-differentiate when cultured either as a monolayer [15] or in threedimensional structures [16] . Recently it has been shown that human adult islets can de-differentiate through epithelial-to-mesenchymal transition to generate proliferative vimentin-positive cells. By serum deprivation these precursor cells can re-differentiate into hormone-expressing islet-like clusters [17] . In the present study, using the previously reported culture model [13] , we studied the replication and de-differentiation of pre-existing islet cells in monolayer culture, and applied magnetic cell sorting to estimate the contribution of these cells to in vitro islet neogenesis.
Subjects and methods

Tissue preparation and in vitro cultures
Human islets were isolated according to previously described methods [18, 19] in Uppsala, Sweden. After Ficoll gradient purification, the fractions with different purities of islet cells were collected and shipped on ice to Helsinki for subsequent cultures. Pancreatic tissues from 10 donors were used for these studies (mean age 53±14 years, range 30-67 years). All procedures were approved by institutional ethical committees in Sweden and Finland. The donors or their next of kin gave written informed consent to the use of their pancreas tissues.
As previously described, but with a minor modification [13] , the fresh pancreatic cell clumps were first expanded into monolayers in six-well culture plates (Corning, Corning, NY, USA) in CMRL-1066 medium (Invitrogen, Carlsbad, CA, USA) supplemented with 10% fetal calf serum (PromoCell, Heidelberg, Germany). After 5-7 days of expansion, the media were changed for serum-free DMEM/F12 (National Public Health Institute, Helsinki, Finland) supplemented with ITS (5 mg/l insulin+5 mg/l transferrin+5 μg/l sodium selenite; Sigma, St. Louis, MO, USA), 2 g/l bovine serum albumin, 8 mmol/l glucose and 10 mmol/l nicotinamide (Sigma). The cells were then overlaid with Matrigel, a basement membrane preparation from Engelbreth-Holm-Swarm mouse tumour cells (BD Biosciences, Bedford, MA, USA), according to the manufacturer's instructions with the exception of dilution (1:10) and overnight gelling at 37°C. Within 2-3 weeks after gel overlay, three-dimensional structures, cysts and cultivated human islet buds (CHIBs), which protruded from monolayers, were hand-picked for analysis. The remaining monolayer cells were collected using a solution of 0.05% trypsin and 0.02% EDTA (Invitrogen).
Bromodeoxyuridine labelling and immunocytochemical staining
To determine endocrine cell proliferation during the monolayer expansion period, the cultured cells were labelled with 10 μg/ml bromodeoxyuridine (BrdU; ZYMED, San Francisco, CA, USA) for 24 h at different time-points before fixation in 4% paraformaldehyde (PFA). The cells that were positive for endocrine marker chromogranin A and proliferation marker BrdU were expressed as a percentage of endocrine cells.
Cytospins were prepared from dissociated (0.05% trypsin and 0.02% EDTA) cell suspensions, which were spun to microscope slides (SuperFrostPlus, Menzel, Braunschweig, Germany) by centrifugation at 55 g for 8 min. Cytospin slides were fixed in 4% PFA for 15 min and rinsed in PBS before staining. Harvested cysts/CHIBs were fixed for 1 h in 4% PFA, rinsed with PBS, suspended in a 2% agarose-PBS solution and centrifuged at 220 g for 1 min to form compact pellets, which were then embedded in paraffin for sectioning.
Immunostaining was performed in the above preparations to identify various cell types using the following primary antibodies: guinea-pig anti-porcine insulin 1:100, rabbit anti-human glucagon 1:500, rabbit anti-human somatostatin 1:500, rabbit anti-human pancreatic polypeptide 1:500, rabbit anti-human chromogranin A (Chro A) 1:500, mouse anti-human cytokeratin 19 1:50, mouse antihuman vimentin 1:200, and mouse anti-BrdU 1:100 (all from DAKO, Carpinteria, CA, USA); mouse anti-synaptophysin 1:5 (Boehringer Mannheim, Mannheim, Germany); rabbit anti-neural cell adhesion molecule (N-CAM) 1:50 (kindly provided by V. Cirulli, The Whittier Institute for Diabetes, La Jolla, CA, USA). Non-specific binding was blocked by preincubation in 3% normal serum (ZYMED) from the species in which the secondary antibody was raised, followed by incubation of primary antibodies for 1 h at room temperature. Biotinylated goat anti-rabbit and biotinylated rabbit anti-mouse IgGs (ZYMED, 1:200) were used as secondary antibodies. Peroxidase-conjugated streptavidin (ZYMED, 1:200) was used by developing the substrate of 3-amino-9-ethylcarbazole. Light counterstaining was performed with haematoxylin. Microwave treatment in citrate buffer was necessary to retrieve the antigenicity of BrdU, whereas 0.1% pepsin-0.1 mol/l HCl was optimal for cytokeratin 19 (CK19) and hormone retrieving in paraffin sections. For double staining of BrdU and Chro A, the Vectastain ABC-kit (Vector, Burlingame, CA, USA) was used. Double immunofluorescent staining was performed to check for co-localisation of endocrine markers, N-CAM, and CK19, using conjugated secondary antibodies as fol-lows: fluorescein isothiocyanate (FITC)-conjugated donkey anti-rabbit, FITC-conjugated donkey anti-guinea-pig, tetrarhodamine isothiocyanate (TRITC)-conjugated donkey anti-mouse, and TRITC-conjugated donkey anti-guinea-pig IgGs (DAKO, 1:50).
Insulin and DNA measurement
For the analysis of insulin and DNA content, the cells in one well of six-well plates were collected and washed twice in PBS, resuspended in 300 μl distilled cold water, and homogenised by sonication on ice. Aliquots of the homogenates in duplicate were either analysed fluorometrically for their DNA content [20] or extracted with acid ethanol overnight and measured for insulin content using a solid-phase RIA kit (DPC, Los Angeles, CA, USA).
Cell separation
The initial cell clusters were dissociated with 0.16 mg/ml trypsin and 0.1 mmol/l EDTA [21] and filtered through a 30-μm nylon mesh (Miltenyi Biotec, Bergisch Gladbach, Germany) to remove residual cell clumps. The single cell suspension was incubated for 15 min at 6°C with microbeads conjugated to a monoclonal antibody against N-CAM (Miltenyi Biotec) diluted 1:5. Cell separation was carried out on a MiniMACS magnetic cell separation system according to the manufacturer's instructions (Miltenyi Biotec). The N-CAM-negative cells were purified by passage through two consecutive MS columns while N-CAM-positive cells were retained in the columns. The separated cells were plated on gelatin-coated 12-well plates and cultured in CMRL-1066 medium (Invitrogen) supplemented with 10% fetal calf serum (PromoCell). In some experiments, 15 ng/ml hepatocyte growth factor (HGF) was used to promote maximal expansion of the monolayers. Differentiation of the expanded cells was induced by Matrigel overlay and serum-free DMEM/F12 differentiation medium as before. In addition, several other protocols were applied to induce differentiation in these cells, including transfer of the cells after the expansion phase into high-density culture either in conical culture wells or on Matrigel in the serum-free medium.
Results
In the first part of this study, we used islet isolates with variable purity from five donors to study proliferation of endocrine cells and discover evidence of de-differentiation of pre-existing islet cells during monolayer culture. 
Proliferation
The vast majority of the cells in the monolayer cultures maintained a round epithelial phenotype. When the cell aggregates first attached and spread out, the epithelial cell population was quite homogeneous (Fig. 1a) . During the following days, some of these epithelial cells proliferated actively and became larger. All of the large proliferating epithelial cells were positive for the duct cell marker CK19 (Fig. 1b) . Based on double immunocytochemistry for BrdU and Chro A, a low level of endocrine cell proliferation could be detected. This peaked at day 2, but the maximal labelling index was only 0.7% in a high-purity islet preparation (Fig. 2) . Both proliferative and non-proliferative endocrine cells were small compared with the majority of ductal cells (Fig. 1c, Fig. 3b ). Within the CK19-positive ductal population, more than 95% of BrdU labelling appeared in the large cells among a population of nonproliferative smaller ductal cells (Fig. 1b) . Since only a few endocrine cells proliferated in the early monolayer cultures, we chose 24-h BrdU labelling to estimate their replication rate. However, it has to be recognised that during this long labelling period de-differentiation of endocrine cells may have occurred. Therefore, the proliferation rate of endocrine cells might have been slightly underestimated.
De-differentiation
Transitional cells coexpressing Chro A and CK19 were detected in cultures derived from all five donor tissues. These transitional cells were relatively small with a weaker staining intensity than non-transitional endocrine or ductal cells. They were frequently identified during the expansion phase but never in the fresh fractions at the onset or in the differentiated CHIBs (Fig. 3a-c) . As shown in Fig. 3d , more than 10% of all endocrine cells coexpressed Chro A and CK19 after the first 24 h of culture. During the following 4 days, this proportion gradually diminished after the initial peak. Further double immunostaining of insulin, glucagon, somatostatin and pancreatic polypeptide together with CK19 showed that transition occurred in all four endocrine cell types (Fig. 4) .
Endocrine differentiation
Consistent with our previous results [13] , increases were observed in the percentage of insulin-positive cells as well as of glucagon-positive cells and also in the insulin per DNA content (Fig. 5) after Matrigel overlay and serum-free culture. In this study, we made calculations on the absolute numbers of insulin-and glucagon-positive cells at the stage of final differentiation (day 28) as compared with a similar sized sample of cells at monolayer culture (day 5). The absolute cell number was calculated by multiplying the percentage of insulin-or glucagon-positive cells by the total DNA content and then dividing by 7.0 pg of a single human diploid nucleus [12] . Using this approach, we found that the absolute number of insulin-positive cells increased 10-fold and that of glucagon-positive cells increased 15-fold during the culture of low-purity islets from one pancreas (Hu 59, Fig. 5b ). However, both beta and alpha cell numbers increased two-to four-fold, even in cultures of purer islets from three other pancreases (Fig. 5b) . The endocrine cells in CHIBs were only partially differentiated when comparing the insulin content and insulin mRNA level with those in fresh human islets. The insulin/DNA content of CHIBs (8.6±1.7 pmol/μg) was 5% of that found in pure human islets (160±29 pmol/μg) [12] , and the insulin mRNA expression level in CHIBs was 4-5% of that found in human islets [13] .
Cell sorting experiments
We next performed magnetic cell separation experiments with cells from five donors based on the cell surface expression of N-CAM to clarify whether the de-differentiated endocrine cells and neogenic islets in our culture model originated from the pre-existing ductal or islet cell compartments. It is known that within the rat pancreas N-CAM is expressed specifically in endocrine islet cells [21] . Using MACS, we could indeed effectively eliminate the endocrine cells from the N-CAM-negative fraction (remaining Chro A positivity 0.3±0.1%, Table 1 ). However, the N-CAM-positive fraction was not purely endocrine because in addition to the Chro A-positive cells it also contained a significant number of CK19-positive cells. Only a few mesenchymal (vimentin-positive) cells were present (Table 1) . By double immunofluorescent staining of freshly isolated and dispersed human adult pancreatic cells, besides the N-CAM expression in endocrine cells (Fig. 6a,b) , a minority of the CK19-positive cells were found to also express N-CAM (Fig. 6c ). The total percentage of different types of cells in the sorted fractions was not 100% (Table 1) . This is probably because 20-30% of dead cells (trypan blue staining) were not excluded. When the separated cells were put in the same culture conditions that were used for the unseparated cultures, they attached but only formed small patches of confluent monolayers. Various modifications of the culture conditions were tested. When gelatinised culture plates were used and the medium was supplemented with 15 ng/ml HGF, the purified nonendocrine cells could form large confluent monolayers (Fig. 6d) . Immunostaining for CK19 showed that most of these cells were ductal (Fig. 6e) . Matrigel coating and serum-free differentiation medium induced the formation of three-dimensional ductal cysts with small islet buds (Fig. 6f ) from the N-CAM-negative cell population. However, as compared with cultures of unseparated cells the number of Chro A-positive cells was very small and there was no increase in the cellular insulin per DNA content after differentiation induction (1.6±0.2 pmol/μg before culture versus 1.0±0.2 pmol/μg after culture). The outcome was similar in differentiation experiments on the more patchy monolayers expanded in the absence of gelatin and HGF.
Discussion
In this study, we again show that human islet-cell neogenesis can be induced during the culture of mixed human pancreatic cells originating from islet isolation fractions of low purity. We also show that a similar neogenic process is induced from very pure islet fractions. These experiments are characterised by an initial phase of proliferation, associated with a decrease in endocrine cell number, and a later differentiation phase, which results in a net increase of endocrine islet cells. In our previous study [13] we found that the neogenic islet cells were derived from CK19-positive ductal epithelium-like cells which proliferated during the initial days of culture. This time we focused on the role of the pre-existing differentiated islet cells, which are present at the onset of culture. Our results show that a significant proportion of islet cells start to express CK19 soon after plating, thus attaining a transitional phenotype. Although it is theoretically possible that these transitional cells could represent pre-existing ductal cells that start to express endocrine proteins, this is unlikely because these cells are encountered at an early stage of culture, characterised by decreasing numbers of endocrine cells, and a decrease in the cellular insulin content by 50% [13] . The transitional cells were only observed for a limited time, suggesting that they stopped expressing markers of fully differentiated islet cells (such as Chro A). Significant epithelial cell proliferation was only observed in CK19-positive cells, but not in Chro A-positive cells. Consequently, it is possible that the de-differentiated islet cells started to proliferate after losing their endocrine phenotype, and may have acted as precursors of newly differentiated islet cells during the differentiation phase. We tested this hypothesis by eliminating the pre-existing islet cells before starting the cultures.
The role of beta cell proliferation has been emphasised based on cell lineage experiments performed in mice [1] . However, many studies show that there are obvious differences between species in the capacity of beta cells to replicate. Proliferation of human beta cells in vivo appears to be extremely low at all ages [2, 6, 22] , and this is true also for isolated islets even after transplantation to nude mice [3, 7, 23] . However, when placed in suitable culture conditions, human beta cells may transiently proliferate but this is invariably associated with loss of differentiated function, at least in monolayer cultures [15, 24] . In this study, we also observed a low-level transient stimulation of beta cell replication at the time when transitional cell types emerged, consistent with the association of proliferation and de-differentiation.
All experimental studies published so far on human islet cell neogenesis have been hampered by 'contamination' through pre-existing islet cells in the starting material [7, 12, 13, 25] . This is a difficult problem because it appears to be impossible to identify any fractions from dispersed human pancreatic cells processed for islet isolation that would be completely devoid of islet endocrine cells. We developed a method for the elimination of these endocrine cells based on their expression of N-CAM [21] . Magnetic microbeads coated with N-CAM antibody effectively bound to the islet cells, allowing us to generate 99.7% endocrine-cell-free human pancreatic cells. When plated in culture, most of these cells expressed CK19 and proliferated. However, the differentiation phase was dramatically altered. The formation of three-dimensional cystic structures with small islet buds, which we have regularly seen in 50 consecutive experiments, did not occur when the Matrigel overlay and serum-free culture medium were applied for the expanded N-CAM-negative cell population. This was not the result of poor viability of the cells, because their rate of proliferation was not clearly different from that of the unseparated cell population. However, because of the relatively low numbers of cells that could be processed with the MACS system, and the inevitable loss of cells during separation, we were not able to achieve equally large confluent monolayers as with the unseparated cell mass. Using a smaller scale, we applied various alternative protocols to induce differentiation. The only positive results were observed when the expanded cells were transferred in relatively high density to culture wells coated with Matrigel. During 2-3 weeks in serum-free differentiation medium, these cultures formed a number of cysts resembling the original 'CHIBs' (Fig. 6f) . However, there were practically no dense cell buds growing out of these cysts, and although a few Chro A-positive cells could be detected by immunocytochemistry, there were very few insulin-positive cells and also the insulin content of the extracted cultures remained low.
The specific expression of N-CAM in adult pancreatic islets of rodents has been reported [21, 26] , but in the human pancreas, N-CAM may be found also in ducts [27, 28] . We performed the MACS experiments to deplete the pre-existing islets. However, our results show that a cell population coexpressing N-CAM and CK19 was also depleted from the N-CAM-negative fraction. These cells were also detected by double immunocytochemistry in the uncultured fresh material. It is possible that the N-CAM/CK19 doublepositive cells could represent a pool of islet cell progenitors or partially de-differentiated islet cells. This interesting pool of cells needs to be characterised in more detail in further studies.
The plasticity of differentiated pancreatic cells may be an important mechanism behind islet-cell expansion, as has been demonstrated by several studies in rodents. Transdifferentiation of acinar cells to ductal cells and further differentiation of these cells into islets has recently been demonstrated in vivo [29] and in vitro [30] . There are fewer observations in human pancreatic cells but clear evidence exists, particularly for the islet/ductal transitional cells both in vivo [6] and in vitro [14, 15, 31] . However, only a recent report [31] and our study have observed a relatively large number of transitional cells within all four types of endocrine cells and presented the quantitative results while only occasional co-staining of insulin and ductal markers is found by others. Our demonstration of endocrine-ductal transitional cells and the fact that depletion of endocrine cells from the starting material severely reduces the endocrine differentiation of the expanded CK19-positive cells promotes the hypothesis that this particular form of plasticity could be important for human islet expansion. This would imply that instead of direct replication, the human islet cells could de-differentiate into a duct-like phenotype that could then re-differentiate into islet cells after a phase of proliferation. The data presented here suggest that the endocrine precursors within the ductal cell compartment might actually belong to this pool of committed cells circulating between the endocrine and ductal phenotypes. More direct evidence for this might be obtained if the freshly isolated endocrine and ductal cells could be separately labelled prior to the in vitro culture experiments.
Recently, the process of de-differentiation and re-differentiation in cultured human islets cells has also been reported by Gershengorn et al. [17] . However, in contrast to the islet-ductal transition found in our study, they showed a reversible epithelial-to-mesenchymal transition. The transitional vimentin-positive cells were positive for proinsulin mRNA until passage 10, suggesting that de-differentiated beta cells were proliferative. The majority of proliferating vimentin-positive cells were also positive for nestin, which makes it possible that these cells were identical to the populations reported by Zulewski et al. [9] . However, the re-differentiated epithelial cells had a very low insulin expression level of less than 0.02% of that seen in human islets. In comparison, the CHIBs were much more differentiated, with 5% of the insulin level found in pure human islets. However, it is clear that the expansion of the de-differentiated epithelial cells in our study was very limited in comparison with the long-term proliferation reported for the mesenchymal cells [17] .
Taken together, we can conclude that the islet cell neogenesis in our culture system at least partly represents the de-differentiation of non-proliferative islet cells into a proliferative duct-cell-like phenotype with further re-differentiation in appropriate conditions. Further studies are needed to establish whether all ductal cells, and also acinar cells, participate in the pool of endocrine precursors, or whether only a pool of cells committed for endocrine differentiation circulate between endocrine and ductal phenotypes. This concept is also compatible with the notion strongly suggested by mouse experiments [1] that selfduplication rather than stem cell differentiation is responsible for the expansion of the adult beta cell mass.
